The interference of two single photons impinging on a beam splitter is measured in a time-resolved manner. Using long photons of different frequencies emitted from an atom-cavity system, a quantum beat with a visibility close to 100% is observed in the correlation between the photodetections at the output ports of the beam splitter. The time dependence of the beat amplitude reflects the coherence properties of the photons. Most remarkably, simultaneous photodetections are never observed, so that a temporal filter allows one to obtain perfect twophoton coalescence even for non-perfect photons.
The quantum nature of light impressively manifests itself in the fourth-order interference of two identical and mutually coherent single photons that impinge simultaneously on a beam splitter (BS). The photons coalesce and both leave the beam splitter in the same direction. Hong et al. first demonstrated this phenomenon with photon pairs from parametric down conversion [1] and Santori et al. used the same effect to show the indistinguishability of independently generated photons that are successively emitted from a quantum dot embedded in a micro cavity [2] . In all experiments performed so far, the photons were short compared to the time resolution of the employed detectors, so that interference phenomena were only observed as a function of the spatial delay between the interfering photons [3] .
To investigate the temporal dynamics behind this interference phenomenon, we now use an adiabatically driven strongly coupled atom-cavity system as single-photon emitter [4, 5, 6, 7] . Photons are generated by a unitary process, so that their temporal and spectral properties can be arbitrarily adjusted. In fact, the duration of the photons used in our experiment exceeds the time resolution of the employed singlephoton counters by three orders of magnitude. This allows for the first time an experimental investigation of fourth-order interference phenomena in a time-resolved manner with photons arriving simultaneously at the beam splitter [8] . We find perfect interference even if the frequency difference between the two photons exceeds their bandwidths. This surprising result is very robust against all kinds of fluctuations and opens up new possibilities in all-optical quantum information processing [9] .
The principal scheme of the experiment is sketched in Fig. 1 . We consider an initial situation where two single photons in modes A and B impinge simultaneously on a BS. In front of the BS, we distinguish states |1 A,B and |0 A,B , where either a photon is present or where it has been annihilated by transmission through the BS and subsequent detection by detector C or D. Mode A is an extended spatiotemporal photonic field mode, traveling along an optical fiber, which initially carries a photon. The photon in mode B emerges from a strongly coupled atom-cavity system, which is driven in a way that the photon is deterministically generated by a vacuum-stimulated Raman transition between two long-lived The photons are so long that they give rise to distinct photodetections. The first detection projects the system into a superposition, which determines the probability of detecting the second photon with either one or the other detector. atomic states [4, 5] . In particular, the photon emitted from B matches the photon from A. The initial state of the total system, A and B, is given by the product state |Ψ i = |1 A 1 B . The effect of a first photodetection in the output mode C or D at time t 0 is evaluated by applying the respective photon annihilation operator,â C orâ D , to |Ψ i . The two operators behind the BS are linked to the two operators before the BS by the unitary relation
whereâ A andâ B are operators that remove one photon from A and B, respectively. As the detection reveals no whichway information, the system is projected into one of the two superposition states,
depending on which detector clicks. The initial purity of the superposition, i.e. the balance between its two parts and their phase coherence, and, hence, also the mutual coherence time of the interfering photons, can now be measured by monitoring the time evolution of |Ψ ± . Moreover, the superposition can be systematically varied by controlling the relative phase between its two parts. The latter is achieved by introducing a small frequency difference between the photons from A and B. Assume that the photon in the fiber has a frequency difference ∆ with respect to the photon from the cavity. In this case, the two components of |Ψ ± evolve with different frequencies, so that after a time τ , the two states have acquired a phase difference ∆τ . The new state then reads
This state can be monitored by photodetections. The probability to count a second photon with either detector C or D, as a function of the relative phase ∆τ , reads
(1 ± cos ∆τ ) and
In a photon correlation experiment, a frequency difference between the interfering photons therefore results in a quantum beat signal in the correlation function that oscillates with frequency ∆. Moreover, Eq. (4) implies that the first and the second photon hit the same detector for ∆ = 0. This corresponds to the well-known behavior of two indistinguishable photons that impinge simultaneously on a BS [1, 2] . However, in the present case, the two photodetections can have a time delay that can be as large as the duration of the interfering photons. Nevertheless, perfect two-photon coalescence is expected. Another remarkable consequence from Eq. (3) is that the initial phase difference between its two parts, induced by the first photodetection, is either 0 or π. Therefore the beat starts to oscillate at zero with the detection of a first photon, so that the cross-correlation function between the two BS output ports shows fringes with a visibility of 100%. This distinguishes the present situation dramatically from the situation of two interfering coherent fields with frequency difference ∆ that are superposed on a BS. In the latter case, the crosscorrelation function would oscillate with a fringe visibility not exceeding 50%, since photodetections do not influence the relative phase of the coherent fields. The present scheme is also different from other experiments, where quantum state reduction has been observed in optical cavity QED [10, 11] . In these experiments, the detection of a photon changes the state of a single system, whereas in the present case, the relative phase of two distinct modes, A and B, is determined. We emphasize that the above way of calculating joint photodetection probabilities is strongly simplified. A more detailed analysis, that comes to the same conclusions, can be found in Ref. [8] .
The experimental setup is sketched in Fig. 2a . 85 Rb atoms released from a magneto-optical trap fall with 2 m/s through a cavity of Finesse F = 60000 with (g max , κ, γ)/2π = (3.1, 1.25, 3.0) MHz, where g max is the optimal atom-cavity coupling constant, and κ and γ are the field decay rates of cavity and atom. The atoms enter one-at-a-time with a probability that is 66 times higher than the probability of having more atoms. Each atom is prepared in |e ≡ |5S 1/2 , F = 3 , while the cavity is resonant with the transition between |g ≡ |5S 1/2 , F = 2 and |x ≡ |5P 3/2 , F = 3 . The atom experiences a sequence of laser pulses that alternate between triggering single-photon emissions and repumping the atom to state |e : The 2 µs long trigger pulses are resonant with the |e ↔ |x transition and their Rabi frequency increases linearly to Ω max /2π = 17.8 MHz. In connection with the vacuum-field of the cavity stimulating the |x ↔ |g transition, these pulses drive an adiabatic passage (STIRAP) to |g . This transition goes hand-in-hand with a photon emission. Between two emissions, another laser pumps the atom from |g to |x , from where it decays back to |e . This is complemented by a π-polarized laser driving the transition |5S 1/2 , F = 3 ↔ |5P 3/2 , F = 2 to produce a high degree of spin-polarization in m F = ±3, with a large coupling to the cavity. To discard the photons emerging during this process, the detectors are electronically gated. This leads to a modulation of the dark-count rate and, hence, to a triangular modulation of the background contribution to all correlation functions measured with detectors C and D, with maxima showing an average number of 3.2 correlations/48 ns. All data shown here have been corrected for this periodic background. We now consider the case where the atom-cavity system emits two photons, one-after-the-other, with a time separation of 5.3 µs, deliberately introduced by the periodicity of our trigger pulse sequence. We suppose that the first photon travels along an optical fiber (mode A) and hits a 50:50 BS at the fiber output at the same time as the second photon, provided the latter comes directly from the cavity (mode B). To characterize the system, we first close the fiber, so that photons impinge only in mode B. For this situation, Fig. 2b shows the intensity correlation function, measured with detectors C and D, as a function of the time difference, τ , between photodetections as a solid line. The central peak is missing, i.e. the light shows strong antibunching and photons are emitted one-by-one [4] . Next, both paths to the BS are opened, so that photons can impinge simultaneously on the BS. Interference is suppressed by adjusting the λ/2 retardation plate at input port B so that the two light fields are polarized perpendicular to each other (dashed line). In this case, each photon is randomly directed onto one of the detectors, C or D. This leads to a non-vanishing correlation signal at τ ≈ 0, which is a factor of two smaller than the neighboring peaks at τ = ±5.3 µs.
The central peak has a duration of 640 ns (half width at 1 e maximum), which comes from the convolution of two 450 ns long single photons (half width at 1 e maximum of the intensity). In the following, the signal obtained for perpendicularly polarized photons is used as a reference, since any interference leads to a significant deviation. Note that all the experimental traces presented here are not sensitive to photon losses, since only measured coincidences contribute. Moreover, they can be compared without normalization, since data was always recorded until 980 coincidences were obtained in the correlation peaks at τ = ±5.3 µs. This required to load and release atoms from the magneto-optical trap about 10 5 times.
Experimental results obtained for parallel polarization are displayed in Fig. 3a . The photons interfere and the first photodetection reveals no which-way information. Therefore the system is projected into the superposition state |Ψ ± . In contrast to the expectations from the above discussion, the correlation signal does not vanish completely, in particular for non-zero detection time delay. Instead, a pronounced minimum is observed around τ = 0. We interpret the depth of this minimum as a measure of the initial purity of the superposition state, and we attribute its limited width to the average mutual dephasing of the interfering photons (see below). Moreover, as shown in Fig. 3b , we resolve a pronounced oscillation of the correlation function, starting with a minimum at τ = 0, when a frequency difference of ∆/2π = 3 MHz is introduced between the interfering photons. The first maxima of the oscillation are found at |τ | ≈ π/∆, where the two parts of |Ψ ± have acquired a phase difference of ±π. If the photons are detected with this time difference, they are registered by different detectors and give rise to a coincidence count. Therefore the number of coincidences in these max- The atom-cavity system is driven by a sequence of laser pulses with a frequency difference ∆ = |ω1 − ω2| = 2π × 3 MHz between consecutive pulses (see level scheme). This gives rise to a frequency difference between consecutive photon emissions, which leads to a quantum beat in the correlation function starting at τ = 0.
ima exceeds the reference level, measured with perpendicular polarization, by a factor of two. This underpins the phase coherence of the whole process and shows that it is possible to arbitrarily adjust the relative phase between the two parts of |Ψ ± . The initial purity of the superposition and the balance between its two parts is characterized by the visibility of the beat signal at τ = 0. This visibility exceeds 90%, indicating that the superposition is nearly perfect. The mutual coherence time of the interfering photons is obtained from the damping of the quantum beat or, alternatively, from the width of the two-photon interference dip. In both cases, a coherence time of 460 ns (half width at 1 e dip-depth) is observed, which exceeds the 64 ns decay time of the cavity, as well as the 27 ns lifetime of the atom's excited state. Hence, the intrinsic lifetimes do not limit the coherence. However, for perfectly transform limited photons, one would expect to see no decrease of the quantum-beat visibility for ∆ = 0, and no correlation at all for ∆ = 0. This is obviously not the case -a numerical fit to the measured data based on an analytical model [8] (solid lines in Fig. 3) shows that the observed coherence time can be explained by an inhomogeneous broadening of δω/2π = 690 kHz, which exceeds the 350 kHz bandwidth of transform limited photons. No specific broadening mechanism could be identified, and therefore we attribute this to several technical reasons: static and fluctuating magnetic fields affect the energies of the magnetic substates and spread the photon frequencies over a range of 160 kHz, and the trigger laser has a linewidth of 50 kHz which is mapped to the photons. Moreover, diabatically generated photons lead to an additional broadening.
To summarize, we have observed the fourth-order interference of two individual photons impinging on a beam splitter in a time-resolved manner. With photons of different frequencies, a quantum beat is found in the correlation between the photodetections at the output ports of the beam splitter. This beat oscillates with the frequency difference of the interfering photons. The interference fringes are only visible for photons that are detected within their mutual coherence time. Moreover, our measurements reveal that identical photons coalesce, i.e. they leave the beam splitter as a pair, provided they do not dephase with respect to each other. Any deviation from perfect coalescence, observed for non-zero detection-time delay, can be attributed to a random dephasing due to an inhomogeneous broadening of the photon spectrum. We therefore conclude that a temporal filter, which only accepts time intervals between photodetections shorter than the mutual coherence time, is a way to obtain nearly perfect two-photon interference, even if the coherence properties of the photons are not ideal. This makes linear optical quantum computing [9] much more feasible with todays technology.
Moreover, we point out that the present experiment is formally equivalent to a setup composed of two independent atom-cavity systems, since the photon traveling along the optical fiber could as well be released directly from an independent (second) atom-cavity system. Provided the time the photons need to travel from the cavities to the detectors is much shorter than their mutual coherence time (as is in fact the case for mode B in our experiment), the first photodetection would establish an entanglement between the distant atom-cavity systems [12, 13, 14, 15] , since the states |1 A,B and |0 A,B refer in this case to these systems. This entanglement would live until it is destructively probed by a second photodetection. Our results therefore pave the way towards distributed quantum computing and teleportation of atomic quantum states [16, 17] .
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